Fas-associated death domain (FADD) is an adaptor molecule involved in the recruitment and activation of caspases in response to stimulation of at least four death receptors; Fas (CD95), TNFR1 and the TNF-related apoptosis inducing ligand (TRAIL) receptors DR4 and DR5. FADD consists of two protein interaction domains, a death domain (DD) and a death effector domain (DED). Binding of TRAIL to DR5 results in the recruitment of FADD to DR5 to form a complex called the death-inducing signaling complex (DISC) through interactions that require intact DDs of FADD and DR5. 1, 2 Caspase-8 and -10 are then recruited to the receptor complex via DED interactions. 3 The induced proximity of caspase-8 at the receptor complex leads to its dimerization and activation. 4 These initiator caspases then cleave and activate effector caspases such as caspase-3. Similar to the TRAIL receptors, FADD binds directly to the Fas receptor 5 while the recruitment of FADD to TNFR1 is mediated by the adaptor molecule TRADD. 6 Since TRAIL can selectively induce apoptosis in tumor cells without affecting normal cells, 7, 8 there is much interest in using TRAIL for the treatment of cancer. The mechanisms used to recruit FADD during TRAIL receptorinduced apoptosis is therefore of considerable interest.
The structures of the FADD death domain (FADD DD) and DED have been solved independently of one another. [9] [10] [11] [12] Both consist of six antiparallel alpha helices tethered together by a small linker peptide. DD interactions are mediated through charge-charge interactions whereas DED interactions appear to occur mostly through hydrophobic residues. Previous structural studies focused on the Fas/FADD binding surface and suggested that helices two and three of the FADD DD are responsible for mediating this interaction. More recently however, the Fas-binding surface of FADD's DD was recognized to include the loop between helices 5 and 6. 13 In addition, although the isolated DD of FADD is sufficient for binding, regions surrounding helix 5 of the FADD DED also contribute to the interaction of FADD with both Fas and DR5. 14, 15 Together, these data indicate that FADD binding to Fas is not mediated just by the residues in helices 2 and 3 of the DD but instead involves a much larger region of the DD and regions in the DED.
Previously we identified a mutation in the FADD DD, valine 108 to glutamate, which abolished interaction with Fas but did not alter binding to DR5 suggesting that despite the similar role of DED residues in binding both Fas and DR5, the surfaces of the FADD DD used for interaction with these two receptors might be distinct. 15 To address this question, we mapped the DR5-binding surface of the FADD DD and identified residues within helices 2-6 of the DD that when mutated, prevented binding to DR5.
Binding of FADD to death receptors is primarily mediated by interactions between charged residues. 12, 13 We therefore examined charged surface residues in the DD of FADD by making mutations to alanine or charge reversals ( Figure 1a) . Several of these residues have previously been shown to be necessary for FADD binding to Fas and TRADD. 9, 10, 12, 13 In addition we made mutations that were in regions not previously shown to be important for FADD binding to death receptors. To determine which mutations prevented FADD binding to the DR5 receptor, we performed a functional assay using a dominant negative version of FADD (FADD-DD). FADD-DD, which consists of the FADD DD fused to yellow fluorescent protein (YFP) with no DED sequences, is able to inhibit apoptosis by all known death ligands including TRAIL. 16 When overexpressed, FADD-DD competes with endogenous FADD for binding to an activated death receptor, but because there is no DED, caspases are not recruited. Each of the DD mutations was made in FADD-DD and transfected into HeLa cells. Since HeLa cells express both DR4 and DR5, the transfected cells were treated with an agonistic DR5 antibody (aDR5) to induce apoptosis. As shown in Figure 1b , of the 18 mutations examined, eight showed a decrease in protection against DR5-induced death. D106A, R135E, R140A and R166E showed approximately a 50% decrease while R113E, R117A, D123R and D175R showed almost complete lack of protection, similar to cells expressing YFP only. Rather than localization to a specific region of FADD such as helices 2 and 3, the mutations were spread out though the entire FADD DD (Figure 1a , residues marked with an asterisk).
We previously demonstrated that the isolated DD of FADD did not bind as well as the full-length protein to DR5. 15 Therefore, full-length versions of each FADD mutation identified in the functional screen were tested for interaction with the cytoplasmic domain of DR5 in a directed yeast twohybrid assay. Wild-type FADD showed strong interaction with DR5 whereas empty vector and most of the FADD mutations did not (Figure 1c) . D106A was the only mutation tested that showed interaction with DR5, but the level was somewhat decreased compared to wild-type FADD. This was consistent with the FADD-DD functional assay in which D106A retained some ability to prevent anti-DR5-induced cell death (Figure 1b) . The same mutations were tested for interaction Mutations in FADD-DD that cannot prevent DR5-induced apoptosis were tested in the context of full-length FADD for interaction with the DR5 cytoplasmic domain in a directed yeast two-hybrid. Strain Y190 (MATa his3 ade2 trp1 leu2 gal4 gal80 cyh2, LYS2:Gal1-HIS3 URA3:Gal1-LacZ), was used for directed two-hybrid assays as previously described.
14 Wild-type FADD and FADD (D106A) showed interaction with DR5 as indicated by a change in color. The other DD mutations showed no interaction with DR5. (d): Each FADD mutation was tested for interaction with DR5 in mammalian cells by coimmunoprecipitation. HeLa cells were transfected with 2 mg pEGFP-DR5 plus 2 mg of Flag-FADD or FADD mutants using Fugene 6. After 18 h cells were lysed in Triton X-100 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1 Â protease inhibitors) and the soluble fraction was incubated with 30 ml M2-Agarose (Sigma) for 4 h a 41C. The beads were washed four times in TBS and precipitated GFP fusions were detected by immunoblot. Similar to the directed two-hybrid experiment, wild-type FADD and FADD (D106A) showed interaction with DR5, but other death domain mutations did not. Whole cell lysate was immunblotted with GFP and Flag antibodies to show equal loading. (e): Mutations in FADD that prevent interaction with DR5 were mapped onto the solved structure of the FADD DD 10. Residues in helices 2 and 3 (Red) as well as the loop region between helices 5 and 6 (blue) are necessary for interaction of FADD with Fas and DR5. A further surface of FADD defined by R135 and R140 (yellow) encompassing the loop region between helices 3 and 4 as well as part of helix 4 appears to contribute to the FADD/DR5 interaction but not the interaction of FADD with other DD-containing proteins. (f): Comparison of the association of endogenous DR5 with YFP-FADD-DD mutants or endogenous FADD protein was assessed by DISC immunoprecipitation. In all, 293 cells were transfected with YFP-FADD-DD and various mutants using Fugene 6 reagent (Roche). Cells were treated with 200 ng/ml of anti-DR5 Ab crosslinked with an equal amount of anti-Fc (Sigma) for 1 h, spun down and washed with PBS and then freeze-thawed in 1 ml buffer (20 mM Tris-HCl, pH 7.6, 250 mM NaCl, 3 mM EDTA, 3 mM EGDT, 0.5% NP-40 detergent) with protease inhibitors (1 mM Bestatin, 10 mM Leupeptin, 30 mM PMSF). Insoluble material was removed by 2 Â centrifugation at 15000 Â g. Immunoprecipitations were with 80 ml of a 50% slurry of protein G-agarose beads (Roche) for 5 h. Beads were rinsed 5 Â with buffer and proteins were eluted with SDS loading buffer with boiling for 3 min. After running the protein on a 4-20% gradient gel, and transferring to a PDVF membrane, the membrane was cut horizontally and the bottom portion (below 33 kDa) was probed for endogenous FADD with a monoclonal antibody (BD transduction labs, clone1) followed with an anti-mouse Fc-specific secondary HRP (Jackson Labs). The upper portion of the blot was probed with a polyclonal anti-GFP antibody (Santa Cruz) and anti-rabbit secondary-HRP (Calbiochem). Wild-type FADD-DD and the D106A mutant both bound to the activated DR5; the other tested mutants did not. In contrast the endogenous FADD protein was not found in the DISC IP containing FADD-DD or D106A FADD-DD while endogenous FADD was found in the DR5 precipitates from cells transfected with the FADD-DD mutants that cannot bind to DR5. These data show that binding of the FADD-DD mutants to activated endogenous DR5 receptors correlates with inhibition of apoptosis signaling, binding to exogenously expressed receptors and binding in yeast and suggest that the inhibitory effect of the FADD-DD mutants that block apoptosis occurs because of competition with endogenous FADD for binding to the receptor with DR5 in mammalian cells by coimmunoprecipitation. The DR5 cytoplasmic domain fused to GFP (GFP-DR5) was cotransfected into HeLa cells with versions of Flag-FADD containing each mutation. Flag-FADD complexes were precipitated and interaction of DR5 with each FADD mutation was determined by immunoblotting for GFP. GFP-DR5 coprecipitated with both wild-type FADD and FADD (D106A) but not with any of the other FADD mutations (Figure 1d) . Taken together, these data suggest that the DR5-interaction surface of FADD involves residues extending from helices 2 to 6 of the FADD DD.
To confirm that binding of the mutants occurred to the endogenous DR5 protein, we performed DISC immunoprecipitation experiments in cells expressing YFP-tagged FADD-DD or mutant FADD-DD molecules and compared recruitment of the exogenous FADD-DD molecule or the endogenous FADD protein to the endogenous DR5 DISC. If FADD-DD acts as an inhibitor of apoptosis by competing with the wild-type FADD protein for binding to the receptor, FADD-DD and point mutants that can bind to DR5 should be precipitated in the DR5 DISC while endogenous FADD is not. Conversely, FADD-DD point mutants that prevent DR5 binding should not be precipitated in the DISC and, in this case, endogenous FADD should be found in the complex. Figure 1f shows that both wild-type FADD-DD and the D106A mutant were indeed bound to the endogenous DR5 receptor after activation with an agonistic antibody and that this complex did not contain significant amounts of the endogenous FADD protein. In contrast, four FADD-DD point mutants (R113E, R117A, D123R and R135E) that did not bind to DR5 in our previous assays and did not inhibit DR5-induced apoptosis were not recruited to the endogenous DR5 DISC; instead these complexes contain endogenous FADD proteins.
Together, with our previous studies showing that the same mutations in the FADD DED prevent binding to both Fas and DR5, the data shown here suggest that the regions of FADD for binding to Fas and DR5 are very similar. Both involve the DED and an expanded binding surface on the DD that encompasses more than just helices 2 and 3 as previously thought. 9, 10 Several residues in FADD identified as preventing interaction with DR5 (R113, R117A and D123) are essential for interaction with Fas. 9 Additionally R166, Q169, L172 and D175, which form a loop between helices 5 and 6 of FADD, were recently shown to contribute to the interaction with Fas. 13 FADD also uses this loop for binding to DR5 because mutations in two of these residues (R166E and D175R) inhibited binding to DR5. Finally, we identified a unique region of FADD that is necessary for binding to DR5; mutations of R135 and R140, which are near the loop between helices 3 and 4 prevented binding to DR5 (Figure 1e ). These data show that FADD binding to activated DR5 involves extensive surfaces of the FADD protein. Although FADD binding is similar to different receptors, the subtle differences in the binding (e.g. R142A prevents Fas binding 13 but does not alter interaction with DR5) provide a potentially useful way to experimentally discriminate between different death receptor signaling pathways. 
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